Eastern equine encephalomyelitis (EEE) virus was detected in infected formalin-fixed horse and emu tissues and in infected chicken embryo fibroblasts. Results of in situ hybridization using a digoxigeninlabeled 40-base DNA probe complementary to a conserved region of the EEE virus RNA compared favorably with results of both virus isolation and serum neutralization tests. This technique may be useful for diagnosis of EEE virus infection in various animal species, especially when fresh tissues are not available for analysis, and also will provide a means for studying the involvement of alphaviruses in pathogenesis studies.
Eastern equine encephalomyelitis (EEE) virus is one of 26 viruses in the genus Alphavirus of the family Togaviridae. 31 This virus is widely distributed in both North and South America. The natural life cycle of the virus involves transmission by mosquitoes, particularly Culisetta melanura and Culex tarsalis, to vertebrates and back to mosquitoes. 8, 16, 26 The natural vertebrate hosts include wild and domestic birds, rodents, and primates. These hosts generally experience transient viremia without overt clinical signs. 26 However, EEE virus can infect and produce clinical disease in a wide range of mammals, including humans, horses, swine, and dogs (Baldwin CA, Liggett AD: 1995, Abstract, Animal Disease Research Workers in Southern States, Gainseville, FL, p. 48). 11, 26, 31 Poikilotherms also have been experimentally infected with EEE virus. 4 In addition, antibodies to EEE virus have been found in wild poikilotherms. 17 Some avian species, especially emus, ostriches, turkeys, pheasants, chukar partridges, pigeons, Pekin ducks, and whooping cranes, may develop overt disease following EEE virus infection. 2, 9, 10, 12, 13, 22, 23, 32 Clinical illness in humans, horses, and some avian species is characterized by central nervous system (CNS) signs such as ataxia, convulsions, and paralysis. 9, 26 Conversely, necrohemorrhagic diarrhea, hepatic necrosis, and/or splenic necrosis usually are seen in ratites and others, e.g., whooping cranes, infected with EEE virus. 2, 22, 32 Microscopically, neural lesions are usually confined to the brain and spinal cord but may extend to the meninges. Neutrophilic infiltrates are observed early in the disease and subsequently are replaced by lymphoplasmacytic infiltrates. Multifocal neuronal necrosis, vascular thrombosis, and gliosis occur throughout the CNS. 19, 26 Enteric lesions are characterized by severe diffuse necrosis of intestinal villi to the depth of the lamina propria with subsequent hemorrhage into the intestinal 1umen. 2, 32 The EEE virion is approximately 60 nm in diameter and possesses an icosahedral nucleocapsid surrounded by a lipid envelope derived from host cell membrane. The nucleocapsid contains a 12-kb single-stranded plussense RNA. 20, 27, 31 Replication of the virus occurs in the host cell cytoplasm. A subgenomic 4.1-kb mRNA, coterminal with the 3' end of the genomic RNA, is translated to form structural proteins, including envelope proteins. 31 Some nucleotides within this region are conserved among different EEE virus strains; thus, a complementary DNA probe transcribed from this region could allow detection of a wide range of EEE virus variants. 5, 35 Suspicion of EEE virus infection in mammals and birds is based on medical history, clinical signs, and histologic lesions in the affected organs or tissues. Routine methods of virus detection and isolation, including serum neutralization assays, hemagglutination inhibition tests, and fluorescent antibody tests, are used commonly to detect and to diagnose EEE virus infection in fresh or frozen tissues. 29 However, none of these methods have been useful on formalin-or ethanolfixed tissues or fixed tissues that have been embedded in paraffin for subsequent histologic evaluation. Detection of viral antigens in fixed tissues often requires immunohistochemical staining; however, this technique cannot detect minute amounts of viral antigen.
In addition, quiescent virus may not be detected because of lack of viral protein synthesis, resulting in a decrease or absence of antigenicity. 7 Furthermore, destruction or alteration of viral antigen by fixation may yield false-negative results. 1 In contrast, molecular genetic techniques such as DNA or RNA amplification and DNA in situ hybridization exhibit increased sensitivity, are less susceptible to structural alterations due to fixation, and may detect quiescent virus. EEE virus has been successfully detected in infected mosquitoes and in fresh and frozen bird tissues by DNA amplification. 33, 34 In situ hybridization techniques have successfully detected viral nucleic acids using DNA probes, DNA probes that are complementary to viral RNA, and RNA probes. 14, 15, 25 In this paper, we discuss the detection of EEE virus nucleic acid in various tissues using a digoxigenin-labeled 40-base single-stranded DNA probe that is complementary to a conserved region of the El genome in the 26S RNA subgenomic region of EEE virus.
Materials and methods
DNA probe. A 40-base oligonucleotide, designated FN-50, complementary to a conserved region of the EEE virus RNA was synthesized using an ABI model 394 DNA synthesizer. a The probe corresponded to a conserved region of the El glycoprotein gene and was designed utilizing available sequence information from GenBank and published data. 3, 5, 35 ALIGN, a DNA sequence alignment computer program based on a modification of Hirschberg's algorithm, b, 18, 24 was used to identify a conserved region of the various EEE virus genomes. The oligonucleotide probe was tailed on the 3' end with digoxigenin-11-dideoxy uridine using a commercially available kit. c,30 Specimens. Sections of formalin-fixed, paraffin-embedded equine brain and spinal cord and emu (Dromaius novaehollandiae ) duodenum were obtained from the pathology archives at the University of Georgia College of Veterinary Medicine. In addition, cytospin preparations were made of uninfected control and EEE virus-infected, formalin-fixed chicken embryo fibroblasts (CEF). The primary EEE virus used was a Massachusetts strain isolated from a horse (ATCC #VR-65). d Detection and confirmation of EEE virus infection. Hematoxylin and eosin (HE)-stained equine and emu tissues were examined histologically for lesions typically seen with EEE virus infection. Definitive diagnosis of EEE virus infection was determined previously by virus isolation and/or serum neutralization assays (Athens Diagnostic Laboratory, College of Veterinary Medicine, University of Georgia, Athens, GA). EEE virus-infected CEF were examined every 24 hr for cytopathic effects. Negative controls consisted of EEE virus-infected tissues and CEF tested with hybridization solution without FN-50, normal horse brain and uninfected CEF tested with hybridization solution containing FN-50, and sections of EEE virus-infected tissues and CEF, as well as uninfected tissues and CEF, tested with hybridization so-lution containing a heterospecific digoxigenin-labeled probe with base composition similar to that of DNA in situ hybridization. DNA in situ hybridization was performed using a routine protocol for detection of psittacine beak and feather disease virus and avian polyomavirus nucleic acids. 21, 28 The procedure was modified to optimize detection of EEE virus nucleic acids. Multiple assays were performed using a manual capillary-action work station. e,16 Formalin-fixed tissues were processed routinely, embedded in paraffin, and sectioned at 3 µm. The tissue sections were mounted on 3-aminopropyltrieth-oxylane-coated slides and placed in a holder for capillary gap formation. e The mounted tissues were preheated for 10 min at 70 C and deparaffinized by immersion into a mixture of 1 part xylene to 3 parts limolene for 4 consecutive 5-min incubations. The deparaffinized tissues subsequently were rehydrated by 3 immersions in 100% ethanol and immersion in 95% ethanol. The slides were rinsed twice in Automation buffer prior to digestion. f Tissues were digested with addition of 0.3% pepsin in Automation buffer (pH 2.0) and incubation at 37 C for 10 min. Fibroblasts were not pepsin digested to prevent destruction of the cells. The pepsin was heat denatured by incubation at 110 C for 5 min and removed by 3 sequential washes in 1 x Automation buffer. Slides were incubated for 10 min at 110 C in a solution of 100% formamide to enhance hybridization of FN-50 in the subsequent step. After removal of the formamide, a 2-µl(20 pmol) solution of the digoxigenin-labeled DNA probe (FN-50), added to 200 µl hybridization buffer (0.5% deionized formamide, 7.5% chondroitin sulfate, 5 x saline sodium citrate [SSC], 50 mM phosphate buffer, deionized water), was added to the slides. Slides were incubated at 110 C for 5 min followed by 37 C for 1 hr. Unhybridized probe was removed by a series of graded concentrations of SSC solution to minimize nonspecific hybridization: 1) 0.5 x SSC, 4% Tween 20, 2.5% Brij 35; 2) 0.2 x SSC, 4% Tween 20, 2.5% Brij 35; 3) 20 x SSC (3 M NaCl, 0.3 M sodium citrate, pH 7.0). The sections were then incubated for 1 hr at 37 C in a 1:1,000 solution of 4 µl anti-digoxigenin antibody conjugated to alkaline phosphatase enzyme in 4 ml buffer 1 (100 mM Tris, 150 mM NaCl, pH 7.5) containing 1% sheep serum and 0.3% Triton X-100. After incubation, the slides again were washed in Automation buffer and incubated in a 1:100 solution of 25 µl nitroblue tetrazolium chloride and 25 µ15-bromo-4-chloro-3-indolyl phosphate p-toluidine salt, added to 5 ml buffer 2 (100 mM Tris, 100 mM NaCl, 50 mM MgCl, [pH 9.5], 4% Tween 20, 2.5% Brij 35), at 37 C for 1 hr. Slides were then counterstained with 0.5% fast green FCF, dehydrated, and coverslipped. Slides were examined by light microscopy for deposition of blue-black chromagen.
Results
Histologically, tissues from horse nos. 1, 2, and 3 contained lymphoplasmacytic infiltrates within the neuropil and perivascularly (Fig. la) . Horse no. 2 also exhibited diffuse gliosis within the brain and spinal cord (Fig. lb) . Horse no. 4 did not have CNS lesions. EEE virus was isolated from fresh tissues from horse nos. 1 and 2 but not from horse no. 3. Serum neu- tralization was performed on serum from horse no. 1 and was positive for EEE virus antibodies. Viral isolation was not attempted on horse no. 4 because of lack of suggestive histologic lesions. The emu duodenum contained severe necrotic and hemorrhagic areas consistent with EEE virus infection. EEE virus also was isolated from fresh intestine, and serum neutralization tests were positive for EEE virus antibodies. Cytopathic effects were observed in CEF infected with EEE virus.
Following in situ hybridization with FN-50, heavy deposits of blue-black chromagen occurred in the cytoplasm of neurons in brain and spinal cord of horse nos. 1 and 2 (Fig. 2a ). In addition, intense staining of axons and Purkinje cells were observed in horse no. 2 (Fig. 2b, 2c ). Horse nos. 3 and 4 were negative. Heavy chromagen deposits also were observed within the cytoplasm of enterocytes from the infected emu intestine. Similar intracytoplasmic deposits of the chromagen occurred in the infected CEF ( Fig. 3 ).
Discussion
The DNA probe successfully detected EEE virus nucleic acid in horse and emu tissues and infected CEF. Formalin-fixed, paraffin-embedded EEE virus-infected porcine and canine brain tissues also have been tested using FN-50 in a comparative study, and EEE viral nucleic acid was readily identified (Baldwin CA, personal communication). The results of this study show that EEE virus nucleic acid can be detected by a DNA probe complementary to a conserved region of the virus genome. Furthermore, detection by the probe of EEE virus in tissues of horse nos. 1 and 2 and lack of detection of EEE virus in tissues of horse no. 3 suggests in situ hybridization is more sensitive than routine histopathologic examination of HE-stained tissues and as sensitive as viral isolation techniques in detection of EEE virus. In addition, this technique will work on formalin-fixed and/or paraffin-embedded tissues and is not affected by prolonged formalin fixation, paraffin embedment, or decreased antigenicity. High sensitivity and long shelf life of the nonradioactive probe are added advantages. False positives may occur if slides are allowed to dry during the procedure or if improper concentrations of SSC solutions, allowing nonspecific binding of the probe, are used. Conversely, false negatives may occur if stringencies are too high. Multiple testing of infected and uninfected tissues are necessary to determine the proper stringency of washes for probes used for in situ hybridization testing. Endogenous tissue alkaline phosphatase activity also may cause false positives; however, endogenous enzyme activity is usually destroyed during tissue processing and prehybridization. Cross-reactivity with similar viral nucleic acid is possible.
